Photomultiplier tubes (PMTs) are widely used in neutrino and other experiments for the detection of weak light. To date PMTs are the most sensitive single photon detector per unit area. In addition to the quantum efficiency for photon detection, there are a number of other specifications, such as rate and amplitude of after pulses, dark rate, transient time spread, radioactive background of glass, peak-to-valley ratio, etc. All affect the photon detection and hence the physics goals. In addition, cost is another major factor for large experiments. It is important to know how to properly take into account all these parameters and choose the most appropriate PMTs. In this paper, we present an approach to quantify the impact of all parameters, including cost and risk, on the physics goals. This method has been successfully used in the JUNO experiment. It can be applied to other experiments with large number of PMTs.
Introduction
Since the first detection of neutrinos in 1956 [1] , PMTs have been widely used in various neutrino detectors, particularly the ones using liquid scintillator or water as target. For neutrino detectors with PMTs, their performance drives the accuracy and resolution of the energy, position or tracking, and time of the neutrino interactions inside the detectors, and is a critical factor to physics potential. Typical PMT specifications include photon detection efficiency, rate and amplitude of after pulse, dark rate, transient time spread, radioactivity of glass, peak-to-valley ratio, etc.
Quantum efficiency (QE) of the photocathode is the most important factor that determines the PMT's ability to detect photons. The photon detection efficiency (PDE) is defined as 1 
Sn
Spc ǫ QE · ǫ CE dS in this paper. It represents the overall efficiency by averaging the product of the quantum efficiency (ǫ QE ) and collection efficiency (ǫ CE ) over different positions of the photocathode. It should be pointed out that the actual photocathode area (S pc ) is usually smaller than the nominal area (S n ) given by the diameter of the PMT, thus the fraction of effective photocathode area should be considered when comparing different PMTs.
The thickness and composition of the photocathode vary over the cathode and cause QE non-uniformities. The collection efficiency (CE) predominantly depends on the design of the focusing electrodes.
The transit time spread (TTS) affects the position resolution of a point-like particle or the tracking resolution of an energetic charged particle, particularly for large scale detectors.
The TTS is mainly affected by the shape of the PMT's glass bulb, the design of the focusing electrodes and their location, as well as the operating voltage. For large area PMTs, simultaneous optimization of TTS and PDE was found to be difficult, particularly if requiring the top and the equator of PMT's glass bulb to have the same transit time. In some use case, the equator region can be masked to guarantee good TTS throughout the photocathode, resulting in less effective photocathode area.
Dark noise (DN) is mainly caused by the thermionic emission from the photocathode.
PMTs with high QE or a large photocathode intrinsically have larger probability of therminoic emission. Random coincidences of PMT dark noise will trigger the detector and create fake events, the rate of DN affects the detector's energy threshold and hence affects low energy neutrino studies. The accidental coincidence of DN with physical signal degrades the energy resolution. Operating at low temperature helps to suppress the therminoic emission.
After-pulses are caused by the ion feedback from the ionization of the residual gas or the amplification process. The operating voltage affects the time distribution of after-pulses.
Pre-pulses are caused by a photon directly striking the collection electrode without being reflected or absorbed by the glass or photocathode. Both after-pulses and pre-pulses affect the energy measurement.
The radioactivity of PMT's glass is an issue for low background experiments. The glass and the other components of the assembly inside the PMT should be screened before production till finding the clean ones that satisfy the low radioactivity budget.
Neutrino oscillation studies have entered the era of precision measurements. Future large detectors will be on the tens or hundreds of kton scale. Tens of thousands of PMTs will be needed if using liquid scintillator (LS) or water as target, and the impact of PMT parameters on physics goals is more sensitive comparing to a small scale detector. The PMT choices of some recent neutrino detectors are listed in Table. 1. The small and median scale detectors such as Daya Bay [2] , Borexino [3] , and SNO+ [4, 5] choose 20 cm diameter PMTs, and some of them use light concentrators to enlarge the photon collection. The large scale detectors such as KamLAND [6, 7] , Kamiokande-II [8] , Super-K [9] , JUNO [10, 11] and Hyper-K 1TankHD [12] unexceptionally use large area PMTs. Most of the detectors in Table. 1 choose only one type of PMT. However, using a combination of different types of PMTs may enhance the physics potential if their performances are complementary.
Making the right choice of PMTs for large scale detectors is not an easy task. For different physics topics, each PMT characteristic affects the physics goal in a different way.
The impact of all PMT parameters should be taken into account, and different types of PMTs need to be compared. Cost is certainly a critical factor. The risk regarding delivery capability and schedule also needs to be considered. We need an quantitative approach to choose the most appropriate PMTs, considering the above factors and various physics goals. performance, cost and risk, and the selection of JUNO PMTs is given as an example. Finally, we summarize our study in Sec. 5.
2 Future large detectors using PMTs
JUNO
The JUNO experiment [10, 11] is under design and construction, and its central detector is an excellent example of future large LS detector. The primary goal of JUNO is to determine the neutrino mass ordering (NMO). In order to obtain an energy resolution better than 3%/ E(MeV), maximizing the photon collection has been the most critical factor driving the R&D programs and the detector design. The JUNO central detector consists of 20 kton purified LS and two independent PMT systems. The large PMT system has approximately 18,000 20-inch PMTs providing ∼75% photocathode coverage, and the average photon detection efficiency of PMTs is required to be >27% at 420 nm. The small PMT system has approximately 25,000 3-inch PMTs located in the gaps among the 20-inch PMTs, providing an additional 3% photocathode coverage and serving as an independent calorimeter to calibrate the energy nonlinearity. It also enhances the energy and track measurements for cosmic muons and neutrino interactions. The water Cherenkov detector of the JUNO veto system will be equipped with approximate 2,000 20-inch PMTs.
Hyper-K
Based on the experiences of Super-Kamiokande [9] , the next generation water Cherenkov detector, Hyper-Kamiokande [12, 13, 14] 
Neutrino telescopes
The running neutrino telescopes in water and ice (like ANTARES [15] , IceCube [16] ) used the so-called optical module which houses a single 25-cm-diameter PMT in a pressurized vessel.
The recent KM3NeT [17] experiment has been developing the multi-PMT optical module concept, which replaces the single large area PMT with 31 3-inch PMTs. Such design has better granularity and potentially fast timing for multi-ring event reconstruction. It is more robust against the Earth's magnetic field and the loss of one single PMT. In addition, the risk of chain implosion of PMTs is largely suppressed. Thus Hyper-K takes this concept as one of its photosensor alternatives, and has been developing multi-PMT module with similar dimension as KM3NeT but using UV transparent acrylic to make the pressure vessel.
Characteristics of large area PMTs
The 20-inch PMTs were motivated by the Kamiokande experiment and invented in the 1980s [18] . The quality was improved with a "Venetian-blind" type dynode (Hamamatsu R3600) used in the Super-Kamiokande detector [19] . A version masked to 17 inches with a "box-and-line" type dynode (Hamamatsu R7250) was developed for the KamLAND detector [6] , and it provided faster timing for vertex reconstruction. The above three experiments have demonstrated that large-area PMTs have the best performance-to-price ratio for large scale detectors. However, due to technical difficulties of fabricating 20-inch PMTs, very limited options were available and there was little space for optimization in the past.
Since JUNO and Hyper-K were proposed in late 2000s, the baseline choice of their photosensors has been using 20-inch PMTs. The available 20-inch PMT at that time was still the Hamamatsu R3600 model, with an average QE of ∼ 22% and CE of 70% at ∼390 nm [19] .
It satisfied the early minimum requirement of Hyper-K inner detector photosensors [14] .
Nevertheless, the PDE of R3600 is only about half of the required PDE for JUNO. Thus a completely novel design using a Microchannel Plate (MCP) in place of a dynode to amplify photoelectrons was proposed [20] . The original design of large area MCP-PMT had the transmission photocathode coated on the front hemisphere and the reflection photocathode coated on the rear hemisphere to form nearly 4π coverage to enhance the PDE. In 2015, the QE of transmission photocathode reached 30% with improved transfer bialkaliphotocathode technology [21] , and the reflection photocathode on the rear hemisphere was abandoned, which improved the TTS and suppressed the dark noise. Furthermore, several improvements were made to reach almost 100% CE, by optimizing the diameter of MCP, the size and inclined angle of the micro-channel, the open area ratio, and particularly using atomic layer deposition (ALD [22]) technology. As an outcome of maximizing the CE, it has relative larger TTS than the Hamamatsu dynode PMT.
During the MCP-PMT development process, Hamamatsu improved its dynode 20-inch PMTs with higher QE photocathode and better box-and-line dynode design [23] , and the new type R12860-HQE became available. Given the recent developments on large area PMTs, in the most recent Hyper-K design report [12] the minimum requirement on PDE was increased to 26% around 400 nm. Another new type of 20-inch PMT, the so-called hybrid photodetector, was developed to obtain better timing and charge resolution. It uses an avalanche photodiode (APD) to replace the dynode for the amplification of photoelectrons.
To guarantee the collection efficiency on the small area of the APD, ∼8 kV high voltage need be applied between the APD and photocathode, thus its safe use in water over many years needs to be demonstrated. Table. 2. The 20-inch PMT's glass bulb is typically made by borosilicate glass, and it's non-trivial to control the radio-purity. The raw material components, such as silica sand, borax and boracic acid, aluminum hydroxide and industrial salt, should be screened until finding the clean ones that satisfy the low radioactivity budget. For the MCP-PMT's glass bulb, the projected radioactivity before mass production is listed in Table. 2, by summing up the selected materials according to their weight fractions. During the production cautious procedures were established and executed to control the radioactivity [24] , and the final radioactivity slightly differ from the original projection. Unfortunately it was impractical to follow the same approach to control the glass radioactivity for Hamamatsu products. Table. 2 also lists the projected radioactivity based on a few measured glass samples of Hamamatsu R12860.
The pre-pulsing ratio of MCP-PMTs is negligible because the MCP surface has very low photoelectric conversion probability, whereas the dynode PMTs have a typical pre-pulsing peak about 10-90 ns before the main peak. The after pulsing probability for MCP-PMTs is also lower, most likely due to the different structures between MCP and dynode and less residual gas which results in smaller ion feedback. As for other characteristics, both products guarantee good peak-to-valey ratio. The MCP-PMT has higher dark noise rate than the dynode PMT. The single photon electron waveforms of the MCP-PMTs have much faster rise time due to the fast amplification inside MCP.
Optimize PMT choices for large detectors
For future large scale detectors, establishing a science-driven approach for the procurement of tens of thousands PMTs is highly desired. The selection should be based on the physics performance, price and risk. Below we propose a quantitative approach:
• Evaluate the changes of the physics performances caused by the deviations of the PMT parameters with respect to the reference values;
• Quantify the gain or loss in physics and scale it to the monetary cost;
• Use the total cost, including above physics cost and the real money to purchase PMTs, as the figure-of-merit to judge the PMT selection.
Such approach was used in 2015 for the selection of JUNO 20-inch PMTs. The details are discussed below.
An example: JUNO 20-inch PMTs selection

How photo-sensors drive the sensitivity
In JUNO, the neutrino mass ordering is determined via precise spectral measurements of reactor antineutrino oscillations. Energy resolution is the most crucial factor to probe the interference effect of two fast oscillation modes which are modulated by ∆m 2 31 and ∆m 2 32 . A conventional parametrization of energy resolution can be written as σ E /E = a 2 /E + b 2 + c 2 /E 2 , where it consists of the stochastic term a, the constant term b and the noise term c. These three terms play different roles in affecting the NMO sensitivity, thus an effective description is (a 2 + (1.6b) 2 + (c/1.6) 2 )/E [10] . The impact of the main PMT characteristics on energy resolution is summarized below.
• The PDE drives the stochastic term a, and is the most critical parameter for determining the NMO. The minimum required PDE for the JUNO 20-inch PMTs is 27%.
• The dark noise contributes predominantly to the noise term c. Occasionally dark noise coincides with a physical event and degrades the energy resolution.
• The constant term b can be caused by the Cherenkov process, quenching effects, instability of detector response, residual energy errors after non-uniformity correction, and non-linearity of the electronics. For a large LS detector like JUNO, the non-zero TTS degrades the vertex resolution [25] and consequently propagates into the energy error through non-uniformity correction, and eventually contributes to the constant term of the energy resolution.
• The pre-pulses arrive a short time prior to the main pulse. They directly overlap with true photons, whereas the after-pulsing has a wider time distribution. The afterpulsing of the positron from the inverse beta decay (IBD) reaction may fall into the signal window of the delayed IBD neutron and shift the neutron energy, or it could overlap with positron's own photons and shift the positron energy. Such effect will also hurt the accuracy of energy measurement and eventually degrade the NMO sensitivity.
The total weight of the PMT glass in JUNO is ∼ 140 tons, the radioactivity of PMT's glass bulb would lead to non-zero background even with a water buffer between the LS target and glass. A higher radioactivity requires tighter fiducial volume if keeping the same signal to background ratio, resulting in degradation of NMO sensitivity.
PMT performance merit
As discussed above, the variation of each PMT characteristic affects the NMO sensitivity differently, by changing either the energy resolution or the background. In Fig. 1 (taken from Figure 13 in [10] ), it shows the sensitivity (∆χ For parameters such as PDE, dark noise rate or TTS, any deviations from the reference values were converted into changes of energy resolution by MC studies. Their performance merit was further evaluated following the above method and parameterized in Eq. 1-3, where the reference values for detection efficiency (ǫ), dark noise rate (R DN ) and transit time spread (σ T T S ) are 27%, 20 kHz and 1 ns, respectively. Eq. 1-3 quantitatively describe how an improvement on PDE can be counteracted by an increase on dark noise rate or TTS.
The right side of each formula is scaled to represent a unified price factor. For instance, if the PDE of all PMTs increases by 1%, the merit would be canceled if the price per PMT increases by ∼1.2k CNY, as indicated by Eq. 1 and Eq. 6 (see Sec. 4.1.3).
(1) 
As for pre-pulses and after-pulses, a conservative assumption was made that, the prepulses and after-pulses which fall into the signal window would entirely contribute to the energy scale uncertainty. The measured time distributions of pre-pulses and after-pulses for each type of PMTs were used to calculate this effect. Furthermore, the dependence of the NMO sensitivity on the residual energy non-linearity is studied in Ref. [28] . Using those data, the merit for pre-pulses and after-pulses is parameterized as Eq. 5, where pp is the prepulse probability and ap is the after-pulse probability in percentage unit. The after-pulses have much less impact because of its wider time distribution.
M P A = −0.693 · (pp + 0.03 · ap)
The merit of each PMT characteristic discussed above is shown in Fig. 2 . The total merit of the PMT performance is the summation of Eq. 1 to Eq. 5. 
Selection strategy and result
Most experiments have only one vendor for one type of PMTs, as shown in Table. 1. However, one PMT type may be more desirable in some characteristics but less satisfactory in other parameters. In addition, multiple vendors may reduce the risk if one of the vendors is not able to deliver. In JUNO's case, the PMT selection strategy is driven by the idea that certain combination of different types of PMTs could be the best. , was calculated as:
where M i was the quoted average price (in 10k CNY unit) per PMT for the given award fraction η i . The safety factor S i = 1 − k S · η i was assigned to each vendor, where k S is arbitrarily set to 0.15. The motivation is simple, the larger award fraction one vendor wins, the higher risk the buyer takes.
The best combination of different products was determined by maximizing the total merit calculated in Eq. 7 below.
The subscript i represents different vendors for a given specific combination of the award 
Summary
In the foreseeable future, large area PMTs are likely the first choice of photon sensors for large LS or water neutrino experiments which require high photocathode coverage. Besides photon detection efficiency, other specifications such as dark rate, transit time spread, radioactive background of glasses, peak-to-valley ratio, etc, will affect the photon detection and hence affect the physics goals. It would be ideal to build an experiment to obtain maximum physics potential with minimum cost. This stimulates us to develop an approach to quantify the impact of all PMT parameters, including cost and risk, to the physics goals. The approach for JUNO 20-inch PMT procurement could be a useful reference for future projects. Optimizing the PMT choices to build state-of-art neutrino observatories will enhance future scientific outputs.
